The control of sound propagation and reflection has always been the goal of engineers involved in the design of acoustic systems. A recent design approach based on coordinate transformations, which is applicable to many physical systems [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , together with the development of a new class of engineered materials called metamaterials, has opened the road to the unconstrained control of sound. However, the ideal material parameters prescribed by this methodology are complex and challenging to obtain experimentally, even using metamaterial design approaches. Not surprisingly, experimental demonstration of devices obtained using transformation acoustics is di cult, and has been implemented only in two-dimensional configurations 10, 15 . Here, we demonstrate the design and experimental characterization of an almost perfect three-dimensional, broadband, and, most importantly, omnidirectional acoustic device that renders a region of space three wavelengths in diameter invisible to sound.
, together with the development of a new class of engineered materials called metamaterials, has opened the road to the unconstrained control of sound. However, the ideal material parameters prescribed by this methodology are complex and challenging to obtain experimentally, even using metamaterial design approaches. Not surprisingly, experimental demonstration of devices obtained using transformation acoustics is di cult, and has been implemented only in two-dimensional configurations 10, 15 . Here, we demonstrate the design and experimental characterization of an almost perfect three-dimensional, broadband, and, most importantly, omnidirectional acoustic device that renders a region of space three wavelengths in diameter invisible to sound.
It is well understood that, given an arbitrary geometric transformation of a sound field, the effective mass density and the bulk modulus required to implement that transformation is determined as 5, 16 : ρ r = det(A)(A −1 ) T ρ v A −1 and B r = det(A)B v , where ρ is the mass density tensor, B is the bulk modulus, A is the Jacobian matrix of the transformation and r and v denote the real and virtual space, respectively. One application of the coordinate transformation method that received significant attention, and that we focus on here, is the so-called ground cloak. The ground cloak is a material shell that when placed over arbitrary objects sitting on reflecting surfaces, that is ground, makes the object undetectable using sound radiation. The concept has been introduced in the context of electromagnetics [17] [18] [19] , but has rapidly been extended to other physical systems, including acoustics 10 . The coordinate transformation technique enabling these cloaking devices is especially suitable for acoustics. Developed in its full three-dimensional (3D) form by demonstrating the isomorphism of the acoustic wave equation and the conductivity equation 5 , the method requires a wide range of anisotropic and inhomogeneous material parameters. Unlike electromagnetics, however, these properties are easier to realize in acoustics in a broadband manner using metamaterial methods because conventional materials have a broad range of acoustic material parameters spanning multiple orders of magnitude.
There have been attempts to avoid the difficulties associated with the coordinate transformation approach by using different scatter reduction techniques 20, 21 . However, these other approaches have their own challenges, which have led to reduced functionality (for example, unidirectional as opposed to omnidirectional) experimental implementations. Here we show that omnidirectional 3D ground cloaks obtained using coordinate transformation methods are feasible in practice.
There are several options for geometric transformations that will map the volume occupied by the object to hide into a flat region. The so-called quasi-conformal map 8, 17, 19 results in isotropic material parameters but requires a cloaking shell many times larger than the object to be hidden. A simple unidirectional transformation [22] [23] [24] [25] results in a much more compact cloaking shell but requires strongly anisotropic effective material properties. This is the design approach we take.
The geometry and transformation are depicted in Fig. 1 , where the object that we want to hide is a square pyramid placed on a reflecting surface. The entire cloaked space is split into four separate quadrants. We find a proper transformation for each of them. For example, for the region characterized by y |x| 0, that is, the cutout region shown in the top panel of Fig. 1 , a suitable transformation that results in homogeneous material parameters is:
where (x, y, z) are the coordinates in the real space and (u, v, w) are the coordinates of the virtual space. The constants a, b and c are the pyramidal object dimensions given in Fig. 1 , namely a = 5.7 cm is the object height, c = 11.4 cm is the cloaked region height and b = 17.15 cm is half the pyramid base width.
Following the transformation procedure, the material parameters required by the ideal cloak are ρ = 0.5, where pr denotes the principal components (eigenvalues) of the mass density tensor and bulk modulus. The orientation of the principal axes relative to the original coordinate system xyz is the same inside each quadrant, but varies from quadrant to quadrant. For example, for the same region that has the transformation specified above, the principal axis labelled 3 is parallel to the Ox axis, and the principal axis 2 is in the yOz plane and makes a 23
• angle with the Oy axis. Principal axis 1 is perpendicular on the plane formed by 2 and 3. These material parameters are relative to the background material parameters, which is air in our case. A material that is less dense and more compressible than air is difficult to obtain with passive acoustic metamaterials.
However, if we begin the design procedure with a pyramidal object in a virtual space that has relative (to air) density and bulk modulus of m (called scaling factor) times higher than for air, then we find the cloaking shell parameters are ρ = mB pr . For m = 2.5, all of the material parameters required by the cloaking can be realized using passive acoustic metamaterials. This change has the effect of making the cloaked object behave like a pyramid of relative density and bulk modulus of 2.5 instead of air (as depicted in Fig. 1 ). This is an object with the same sound velocity as air but with a modest impedance Department of Electrical and Computer Engineering, Duke University, North Carolina 27708, USA. *e-mail: cummer@ee.duke.edu The cloak (red region) was designed to cover, at 3 kHz, a hollow square pyramid (blue thin sheet) 34.3 cm (3λ) long and 5.7 cm tall (0.5λ), placed on the ground. λ is the wavelength in air at the design frequency. The cloak shares the same base with the object we wanted to hide and extends in the vertical direction from 5.7 cm (0.5λ) to 11.4 cm (λ). One-quarter of the cloak is removed to highlight that any object (for example, the green sphere) could be placed inside. The bottom panels qualitatively illustrate the expected performance of the ground cloak with the ideal (perfect) and fabricated (imperfect but good) material parameters.
mismatch and thus small reflection at the interface with air 10 . Numerical simulations, shown in Supplementary Methods Section II, reveal that, indeed, an object characterized by bulk modulus and mass density 2.5 times higher than those of air causes very little scattering and is hardly detectable under normal and oblique insonifications.
For this design, two principal components of the mass density tensor have close values; thus, a similar unit cell as for the 2D cloak reported in ref. 10 can be used. The unit cell is a 5 mm air-filled cube that has in the middle an acrylic perforated plate of 1.6 mm thickness and 0.85 mm hole radius. These dimensions determine the mass density components (the higher value for the wave propagating perpendicular to the plate and the lower values for the wave propagating parallel to the plate). The unit cell is about 23 times smaller than the wavelength at the design frequency, 3 kHz; therefore, the homogenization theory holds. Further investigations of this unit-cell behaviour 10 showed that the acoustic transmission losses are modest and its effective material parameters (mass density and bulk modulus) are relatively constant for frequencies up to 6 kHz. The metamaterial structure obtained by replicating these unit cells is a medium of parallel perforated plates. The metamaterial principal axis is determined for each region of the cloak using the same procedure as described in ref. 10 . The principal axis direction imposed the angle of 23
• made by the perforated plates with the horizontal plane. All of the perforated plates were made using a universal laser cutting machine and clear cast acrylic sheets. Other solids with the same dimensions could be used for this design, with similar results due to the high impedance contrast between them and the air background.
The resulting cloak covering the object is presented in Fig. 2 . As can be seen, the object that we want to hide is hollow and consists only of one layer of plain (that is, not perforated) acrylic sheet. There is virtually no difference between a solid pyramid and a hollow pyramid. This was confirmed by other experiments (not shown here) performed in a 1D acoustic waveguide and which compared the reflection of several nearly perfect acoustic reflectors (for example, multiple layers of acrylic sheets, thin/thick aluminium plates, multiple types of wood and so on). We performed numerical simulations to confirm that the inherent fabrication errors (for example, larger/smaller holes than desired or slightly different unitcell dimensions due to errors in positioning the perforated plates) do keep the effective material parameters close to the desired values (that is, errors smaller than 20%). This region was selected such that the cloaking e ect could be clearly identified (that is, the attenuation due to free-space travel of the wave is minimal). The scanning microphone is moving on a square grid that ensures at least four measurement points per wavelength, in both directions. A, B and C are three particular measurement locations. b, Instantaneous scattered pressure field snapshot that highlights the object-alone acoustic signature and how the cloaked object mimics the empty ground. These plots contain the measured region and a mirrored region, to cover a larger section. A motion picture showing the incident and scattered pressure fields is presented in Supplementary Movie 1.
To evaluate the performance of our device, we constructed the experimental set-up presented in Fig. 3 . An almost omnidirectional sound source was set to send a short, therefore broadband, sound pulse towards the tip of the pyramidal object and perpendicularly towards the ground. This illumination was chosen to test the absolute performance of the cloak, as the incident wave hits the most uneven part of the object and cloaking device. The object and cloaking device have sharp edges in this region, and the cloaking metamaterial has discontinuities in the direction of the material principal axis; therefore, the scattering is maximized in this configuration. As we will see next, even for this unfavourable wave incidence, the cloaking shell performs almost perfectly.
Three cases were measured: with nothing on the ground (the ideal case), with only the object on the ground, and with the cloaked object on the ground, respectively. The incident sound 26 is a short Gaussian pulse of 600 µs half-amplitude duration modulated with a 3 kHz sinusoidal; that is, the pulse half-amplitude duration is slightly less than two periods. The bandwidth of this pulse, defined as the ratio between the half-amplitude band to the centre frequency The exact location of these examples is specified in Fig. 3a . Each plot shows the incident and scattered acoustic pressure for three scenarios: empty ground, object placed on the ground and cloaked object placed on the ground.
of 3 kHz, is 42%. Two microphones were used to measure the acoustic wave propagation. The first one was placed in a fixed position and was used as a time reference and the other one scanned a specific region above the cloak. The planar area in which the sound is measured in this set-up is shown in Fig. 3 together with an actual measurement of the sound produced by the source. At every measurement location, several measurements are performed and averaged to increase the signal-to-noise ratio. As can be seen from the figure, the source is quasi-omnidirectional and sends waves characterized by wavevectors spanning a 28 degree sector that contains the object as seen from the source. The goal of this experimental set-up was to qualitatively and quantitatively demonstrate that the acoustic signature of the object alone is significantly minimized when it is covered with the cloak. The instantaneous reflected pressure fields for the three cases are shown in Fig. 3 . As already mentioned, the direction of the incident sound pulse was chosen so that the pulse impinges on the tip of the pyramidal object and cloaking shell, in the region with most sharp edges, where the cloaking device has discontinuities in the material principal axis. This is the situation that produces the most scattering and, therefore, the case in which the object is most visible. Figure 3b confirms this analysis. The top panel shows the expected specular reflection off the bare ground in the form of a spherical wavefront. In contrast, the object significantly disturbs this spherical field distribution. Its sharp edges generate discontinuities in the reflected wave phase profile at the horizontal positions of 25, 50 and 75 cm, as well as reduced backscattering towards the source and, at the same time, enhancement of the reflected field in the directions that correspond to specular reflections from the object flat faces.
Remarkably, the cloaked object reflects nearly identical to the flat reflecting plane (the bottom panel in Fig. 3b) . Thus, the reflected phase front returns to the uniform spherical shape as if no object is placed in between the source and ground. The wave amplitude distribution is almost identically recovered as well, except for modest attenuation that we attribute to losses in the perforated sheets used to construct the shell. A notable aspect of this experimental result is that it agrees very well with the theoretical predictions given by the transformation acoustics theory, and, yet, it is counter-intuitive in that sharp edges and material parameter discontinuities in the metamaterial structure allow an almost perfect recovery of the ideal fields scattered by the bare ground. An animation of the instantaneous wave propagation emphasizes this result and is available in Supplementary Movie 1. To thoroughly confirm the omnidirectionality and effectiveness of the cloaking shell, several additional scanning planes and angles of incidence have been considered. All of these measurements show a substantial reduction of the scattering characteristics of the cloaked object compared with the uncloaked object. A detailed description of the measurements is included in Supplementary Methods Section III, and as Supplementary Movies 2-6.
To quantitatively show the cloak performance, we accompany the previous experimental results with a set of individual time domain measurements (Fig. 4) taken at specific points, labelled A, B and C in Fig. 3a . The time domain sound wave recorded at position A (see the top panel of Fig. 4 ) corresponds to the backscattering direction. The plot shows the incident short Gaussian pulse, together with the reflection from the ground reflector, bare object and cloaked object. As expected, the incident pulses are identical in all three cases. Remarkably, the phase of the wave reflected by the cloaking device is within 15
• of the ideal phase, and the amplitude is 74% of the ideal amplitude, in stark contrast with the difference between the wave reflected by the object and the ideal wave form (phase difference of approximately −90
• , and an amplitude ratio of 33%). Position B corresponds to the direction in which the wave reflected by the bare object is minimum, whereas position C corresponds to the direction in which the specular reflection from the object faces are maximum. In both cases, the cloaking shell almost perfectly corrects the pulse phase advance and, at the same time, brings the amplitude up or down to match it with the ideal fields.
The designed and fabricated 3D reflecting plane cloak performs well and demonstrates that the design methodology used is a robust one. These experimental results provide a clear path for realizing 3D acoustic devices for the manipulation of sound reflection. They also show that complex 3D transformation devices can be implemented using present technologies. Given the already reported new improvements in the achievable acoustic material parameters using active metamaterial structures, we expect that the range of realizable transformation acoustics devices will improve markedly in the near future.
